Experimental and theoretical study of the npπ1Πu-(n4n4) excited states of D2: absolute absorption cross sections and branching ratios for ionization, dissociation and fluorescence 
D 2 have been measured with a spectral resolution of 0.001 nm from the ionization threshold of D 2 up to the D(n = 1)+D(n = 3) dissociation limit. The experimental energies and absorption line intensities are compared with fully ab initio multichannel quantum defect theory (MQDT) calculations [1] which are based on quantum-chemical potential energy curves and transition moments of Wolniewicz and collaborators [2, 3] . The overall agreement between experiment and theory is good. The branching ratios for the competing decay channels are also reproduced by the calculations including their substantial variations from level to level. A comparison of the vibronic interactions in the isotopomers H 2 and D 2 is made. 
Introduction
This paper is the second in a series [4] describing a joint experimental and theoretical effort which aims at a detailed understanding of the high-resolution absorption spectrum of molecular deuterium at room temperature. The present work is focused on the study of absorption line intensities and decay dynamics involving 1 Π − u excited states. The 1 Π − u excited levels of D 2 , just as those of H 2 , are the main contributors to the fluorescence processes which take place above the ionization threshold. These photon emission processes are important in the context of astrophysics and for plasma diagnostics [5] . The 1 Π − u excited states of molecular hydrogen and deuterium are also interesting from a theoretical point of view. They are Rydberg states in which the pπ-type Rydberg orbital ( = 1) is oriented perpendicular to the molecular axis and to the rotational plane and therefore is only little affected by molecular vibration and not at all by molecular rotation. These excited states are subject to weak vibronic interactions which are responsible for most of the interesting and complex excited-state dynamics. The present work leads to insight into this dynamics in D 2 and allows an interesting comparison with the isotopomer H 2 to be made (Sec. 8).
We present here experimental data obtained with a setup designed for combined absorption, ionization yield, and fluorescence measurements. This experimental technique is complementary to the Fourier-Transform (FT) experiment carried out with the SOLEIL synchrotron which has been described in the preceding paper [4] . While the FT experiments yield highly accurate energy level positions, they do not provide absolute transition intensities and are unable to give much insight into the decay mechanisms. By contrast, the monochromator experiments reported here, albeit less accurate in terms of spectral energy resolution, enable the absolute absorption cross sections for the individual spectral lines to be determined. In addition they provide the cross section values for the three possible decay channels: fluorescence, dissociation and ionization.
We also present multichannel quantum defect theory (MQDT) calculations of the excited state level energies and their transition probabilities to the ground state [1] . These results yield good overall agreement with the measured values -in fact they greatly aid the spectral analysis -and in addition they reproduce the balance between the competing decay processes including its significant evolution from level to level.
Experimental aspects
The experimental setup has been described in detail in previous publications (see e.g. [6, 7, 8] ). Briefly, the VUV photons coming from the undulator beamline U125/2-10m-NIM of BESSY II are dispersed by a 10 m-normalincidence monochromator equipped with a 4800-lines/mm grating giving a spectral resolution of 2 cm −1 (0.001 nm) in first order; this value represents the convolution of the apparatus function with the Doppler width at room temperature. The uncertainty of the scan linearity (1 cm −1 ) is the main source of error in the energy measurement. A photodiode located at the back of the gas-target cell enables the detection of the transmitted light. The intensity of the incident light can be monitored by the ionization signal from the last refocussing mirror of the beamline in front of the cell. A small voltage of 10 V was applied to an electrode in the target cell in order to attract the photoions. The Ly α fluorescence emitted from the H(n = 2) fragments was detected by a microchannel-plate detector (Hamamatsu F1552-01 Inconel) at the magic angle with respect to the E-vector of the synchrotron radiation in order not to detect any polarization effects. A MgF 2 window in front of the detector was used to ensure that no charged fragment or Ly β fluorescence from H(n = 3) fragments could reach the detector. All signals mentioned above, i.e. the photoion yield, the fluorescence yield, the photoelectric current from the refocussing mirror (incident light intensity) as well as the transmitted light intensity coming through the target cell, were recorded simultaneously as functions of the incident photon energy. As a result, the ionisation and dissociation excitation spectra and the absorption spectrum could be recorded simultaneously.
The intensities of the absorption spectrum, recorded at high spectral resolution, have been calibrated directly, based on the known absorption path length and the known gas pressures of 20 or 10 mTorr (2.67 or 1.33 Pa), respectively, at room temperature (300 K). The photoionization and photodissociation excitation spectra have been calibrated directly by use of transitions known to produce only photoionization or photodissociation. The Ly α detection efficiency was determined by comparing the absorption and dissociation structures in the spectrum at specific wavelengths for which it is known that the lines under consideration are totally predissociated. This is the case for the D 1 Π + u → X R(1) transitions [6] . In order to cross-check the various calibrations, we have recalculated the absorption cross section as the sum of the dissociation and ionisation cross sections. The only lines for which the absorption cross section could not be reproduced correctly in this way are transitions -mostly Q lines -which lead to molecular fluorescence. For these, the experimental fluorescence cross section has been determined subsequently from the difference spectrum obtained by subtracting the sum of the dissociation and ionization cross sections from the absorption cross section. A priori the directly recorded visible fluorescence excitation spectrum does not provide this information because this visible fluorescence populates levels of the E, F excited state in addition to the G, K excited state (see Ref. [6] for a more complete discussion). Fig. 1 displays a section of the experimental spectra obtained with the BESSY setup.
Theoretical approach
As in the preceding paper [4] we have used multichannel quantum defect theory (MQDT) to evaluate transition energies and probabilities from first principles. The implementation of the MQDT formalism used here has been described in Refs. [9] and [6] . For details we refer the reader to the discussion and further references given there. Briefly, the main ingredients are energy-and nuclear-coordinate-dependent quantum defects µ( , R) and dipole absorption transition moments d( , R) [6] which embody the dynamics of all processes considered here. These parameters are extracted from ab initio potential energy curves U npπ (R) and state-to-state absorption dipoles D npπ←X (R) [2, 3] . The quantum defect and transition moment functions are converted into energy-dependent vibronic channel interaction quantum defect matrices µ v + N + ,v + N + and channel transition moments d v + N + ←X,v =0,N which are then injected into the rovibronic MQDT calculations.
In the discrete range -or when open ionization channels are omitted from the treatment (e.g. for the purpose of identifying the resonances present in a given range) -the MQDT procedures yield the spectrum of rovibronic energy levels E n,v,N as well as the rovibronic transition moments D n,v,N for the absorption transitions leading to them. Note that due to vibronic mixing the vibronic label nv has no strict meaning in general but is useful for bookkeeping purposes. On the other hand of course the upper state total angular momentum N (exclusive of spins) as well as the total parity remain well-defined. The transition moments D n,v,N are converted into upper-state spontaneous emission probabilities A by means of the relation
where α is the fine structure constant and R is the Rydberg constant, while m, c, h and a 0 have their usual meanings. For the Q(N ) transitions studied here one has N = N . The radiative lifetime τ f luo of a given excited level n, v, N to the X ground 6 state is evaluated according to
where A n,v,N are the Einstein coefficients for spontaneous emission from Eq.
(1). The sum over the ground state vibration-rotation levels in Eq. (2) is carried out within the MQDT approach by use of Eq. (1) for v > 0, with the help of computed vibrational wavefunctions for the X ground state, thereby also taking account of the R− dependence of the transition moment function. The expression Eq. (2) does not account for emission to the E, F or G, K levels, nor does the sum over v , N explicitly include emission to the vibrational continuum of the X state. The former occurs in visible or infrared spectral regions and therefore is weakened by the cubic energy factor. The latter amounts to less than a few % for excited state levels with v > 14 as may be concluded from inspection of the Franck-Condon factors. As a consequence, Eq. (2) constitutes a good approximation for the theoretical determination of the fluorescence widths Γ f luo = 1/2πcτ f luo , in cm −1 , of the excited state levels.
When open ionization continua are present and included in the treatment, the continuum eigenphases and ionization cross section profiles are evaluated as described in Ref. [6] . The autoionization partial widths Γ i can then be evaluated directly by inspection of the ionization cross section profiles or alternatively from the energy-derivative of the eigenphase-shift sum.
We have not evaluated the photodissociation partial cross sections in the present work as this channel plays only a marginal role in the experimental data at hand. The only exceptions where dissociation is observed are a few of the very highest energy levels identified here, which may dissociate into D(n = 3)+D(n = 1)). We nevertheless like to mention that partial dissociation widths for the narrow resonances discussed in this work may be obtained efficiently within the same MQDT approach, with no additional physical quantities involved. The method is based on a stabilization procedure and has been outlined in Ref. [6] .
With regard to the more technical aspects of the calculations we may say that the energy level calculations converged satisfactorily and proved stable when the conditions of the computations were varied (e.g. the number of Rydberg channels v + included, the cutoff point chosen for the vibrational wavefunctions at large internuclear distance). By contrast, the calculated intensities were found to depend more sensitively on the precise conditions in which each computation was carried out. We estimate that the calculated intensities are probably accurate to only about 10 to 20%. The resulting theoretical transition energies and intensities as well as the partial ionization widths have already been described [1, 4] .
Once the partial widths Γ ion , Γ f luo and Γ diss have been calculated for a given excited level as just outlined, the theoretical branching ratios for its decay are obtained according to
(and analogous expressions for γ f luo and γ diss ), where Γ f luo , Γ diss and Γ ion are the partial fluorescence, dissociation and ionization widths, respectively, with the total level width Γ being given by Γ f luo + Γ diss + Γ ion . Eq. (3) is appropriate for the description of slowly decaying levels as we have here, although it may fail for broad decay profiles or complex resonance features.
6 Experimental determination of radiative lifetimes and branching ratios
The measured absorption cross section σ has been integrated over the profile of each spectral line, to yield an experimental value for the integral on the left hand side of the following expression:
Here ω = (E n,v,N − E X,v =0,N )/(2Rhc) is the incident photon energy in cm −1 , and n N is the fraction of molecules in the rotational state N in the vibrational ground state at the given temperature of 300 K. An experimental value for the Einstein coefficient for each transition is obtained from Eq. (4) by solving for A.
In practice the spectral resolution of the present experiment is not sufficient to allow the determination of the level width Γ directly from the observed absorption profile. Therefore Eq. (3) cannot be used for the determination of the branching ratios. Instead, experimental values for these quantities are obtained as follows. Once the total absorption cross section has been determined from the integrated cross section profile of a given spectral line in the absorption spectrum to yield the Einstein coefficient A as just described, the partial cross sections are evaluated from the ionization, dissociation or difference spectrum, respectively. Then the following expression (5) is utilized, which relates the measured partial cross section and A value to the branching ratio γ for a given decay channel, e.g.:
This expression differs from Eq. (4) by the additional branching ratio factor γ ion , and analogous expressions hold of course for the fluorescence and dissociation branching ratios, γ f luo and γ diss , respectively. σ ion is the measured ionization cross section to be integrated over the profile of a given peak, whereas the A coefficient has been determined from Eq. (4) as just stated.
Results
The results obtained for the 3pπD state have been published previously [10] . For the npπ 1 Π − u levels with n ≥ 4, the positions, widths and integrated peak intensities (peak areas) have been determined from Gaussian fits of the peaks observed in the absorption spectrum, the dissociation and ionization excitation spectra, as well as from the difference spectrum (as defined in Sec.
2). This analysis yields the level energies, the Einstein coefficients A and the branching ratios for the different decay channels, which may then be compared to the theoretical values calculated by MQDT.
The main problem encountered in this procedure arises from line blending. Some groups of spectral lines which are resolved in the FT spectrum appear blended in the BESSY spectrum so that the fitting procedure becomes ill defined as it involves too many fit parameters. However, this difficulty may be overcome in many cases by making extensive use of the information included in the various decay channels monitored in the BESSY experiment. For instance, a given transition may appear blended in absorption whereas it is resolved in one of the decay channels. It is then possible to reduce the number of fit parameters and to extract meaningful values for the various quantities. The uncertainty of the intensities was taken as three times the statistical error, with an added uncertainty corresponding to the estimated calibration error of 10%.
The observed transition energies with the assignments, the corresponding residuals observed -calculated, the calculated and measured Einstein coefficients A for the Q transitions to the ground state vibrational level v = 0 are listed in Tabs. 1 to 5. The tables also contain the branching ratios for the decay of the excited levels which have been extracted from experiment. The corresponding theoretical values are not given in the tables, but are represented graphically in Fig. 6 . 
Level energies
We have found that whenever a transition has been observed both in the SOLEIL and BESSY experiments, the peak positions agree, with the SOLEIL FT values being of course far more accurate. However, as the BESSY measurements are more sensitive and the temperature used was higher, the new BESSY measurements extend the SOLEIL measurements toward the levels with higher values of the principal quantum number n, vibrational quantum v and rotational quantum number N . Figure 2 displays the deviations of the resulting transition energies from those obtained by means of the MQDT calculations for N = 1 to 4 for various values of n and v. The figures also include the deviations obtained when previously measured values are used [11] . The figures demonstrate that the present measurements of transition energies are consistent with the previous data where these are available. In all, the BESSY spectrum has enabled 143 new excited state levels to be determined: 12 levels for N = 1, 28 for N = 2, 45 for N = 3, 42 for N = 4 and 16 for N = 5, respectively. Figure 2 also demonstrates that the agreement between calculations and measurements is satisfactory in all cases. In the following we present some details concerning the levels associated with the various upper state Rydberg members n.
The 4pπD state
The rovibronic level structure of the 4pπD state has been studied previously in Refs. [1, 4, 11, 12, 13] . For N = 1 and 2, the present measurements agree with the FT previous values to within the present larger uncertainty. Three new upper state levels have been identified, namely v = 16, N = 2 and v = 17, N = 1 and 2. Further, five N = 3 levels which had not been observed in the FT spectrum could now be measured at BESSY. Four of them have been seen previously in emission [13] , and three of these, for v = 8, 10 and 12, agree with the previous measurements. For v = 11, N = 3, however, we observe two spectral lines located at 131992.4 cm −1 and at 131995.9 cm −1 , respectively, symmetrically displaced to each side of the theoretical position 131994.0 cm −1 . These two lines have comparable intensities. It is likely that they result from a local perturbation by a level not predicted by our MQDT calculation. The perturbing level may well belong to the nf manifold of Rydberg states (possibly with n ≈ 4 − 5) which is not included in our theoretical treatment. The previously published value [13] for v = 11, N = 3 corresponds to 131993.34 (±0.3 cm −1 ) and agrees with the lower of the two transitions which we observe. Local perturbations of this type occur recurrently in the spectrum of diatomic hydrogen, e.g. in the 5pπ state of H 2 where several such situations have been identified [14] . The v = 13, N = 3 value is new. Our results for N = 4 are fully consistent with those of Ref. [13] for v = 6 to 10 and 12, while our assignments for v = 11 and 13 are new. Similarly for N = 5 our results are consistent with those of Ref. [13] for v = 4 to 7, 9 and 10, while our assignment for v = 8 is new.
In summary, our calculations reproduce the 4pπD levels very well up to v = 11, close to the dissociation threshold D(n = 3) +D(n = 1) ( 134200 cm −1 ). For v ≥ 12 the classically accessible range of internuclear distances starts to extend into a region where the D state no longer corresponds to a pure p configuration in contrast to the assumption underlying our theoretical treatment. This point has already been discussed in the preceding paper [4] .
The 5pπD state
For N = 1 and 2 and all v values the BESSY measurements are consistent, to within their larger uncertainty, with the FT values determined in Ref. [4] . For N = 3 we add here five new assignments (v = 7 − 11). Similarly for N = 4 and 5 we extend here the range of known values by adding six (v = 6 − 9 and 11) and four new assignments (v = 3, 4, 7 and 8), respectively. Once again, the calculations reproduce the experimental energies very well except for the v = 3, N = 2 and v ≥ 8, N = 4 as has already been discussed in the preceding paper.
The npπ states with n ≥ 6
No less than 120 new assignments of npπ levels with n ≥ 6 have emerged from the present analysis, as a consequence, no doubt, of the high sensitivity of the BESSY experiment. The residuals |E(obs) -E(calc)| remain below 1 cm −1 for all of these, that is, these levels are reproduced by the calculations to within the experimental uncertainty.
Line intensities
The experimental Einstein coefficients A determined according to Eq. (4) are here compared with the theoretical values which were previously evaluated [1] with the same MQDT approach used here. [15] . It turns out, not really unexpectedly, that while the overall behavior is similar, the perturbations do not occur for the same v values. What is more intriguing is that the perturbations are stronger in D 2 despite the fact that the non-adiabatic vibronic coupling is intrinsically weaker in D 2 due to the larger nuclear mass. The reason must be that the local perturbations are stronger in the heavier isotopomer because the perturbing levels lie closer to each other. In some instances the experimental value lies higher than the theoretical prediction. This is probably caused by spectral blending in the experimental spectrum with transitions not considered here. The opposite occurs for the Q(2) v = 3 transition where the experimental value is much smaller than predicted. It turns out that this is another example of a local interaction with an unknown perturber. Indeed, we observe no line at the calculated frequency, but instead a symmetrically displaced doublet of lines whose intensities are comparable. Summing the two intensities up would bring experiment and theory essentially into agreement, but we have not done this in Fig. 3 since the perturber level has not been identified at this point. We follow Ref. [11] here by assigning the lower frequency transition to the Q(2) the 5pπD , v = 3 transition. quasi-continuum of high-n npπ, v = 3 Rydberg levels. This complex perturbation pattern is well reproduced by the calculations. Once again the comparison with H 2 is instructive [14] and shows that the perturbations are not located at the same v values (v = 2 for H 2 versus v = 5 and 6 for D 2 ) and are stronger in D 2 as compared to H 2 .
Transition intensities involving the 4pπD state

Transition intensities involving the 5pπD state
Transition intensities involving the 6pπ state
The comparison between calculated and measured values of the Einstein coefficients A is displayed in Fig. 3 for 30 Q(N ) transitions. The experimental values are seen to agree rather well with the theoretical predictions. Striking perturbations occur for v = 5 and are due to 5pπ, v = 6. The interference reduces the intensities by several orders of magnitude in all cases so that the lines could not be detected at all in the spectrum. The perturbation effects are more obvious than in H 2 where the line intensities exhibit a smoother overall behavior [16] .
The 6pπ, v = 3, N = 2 upper level is embedded in the dense manifold of the npπ, v = 2, N = 2 upper state Rydberg levels with high n, and is calculated to coincide nearly with 29pπ, v = 2, N = 2. The energy separation is calculated to amount to only 0.5 cm −1 , and the lines are indeed not resolved by our experiment. In Fig. 3 the experimental intensity is compared with the sum of the calculated values of the two lines. A more extreme example of a perturbation of an excited level with a dense manifold of perturbers is seen in the Q(1) v = 3 transition where the observed peak according to the calculations corresponds to a 'complex' resonance with component levels having principal quantum numbers as high as n ≈ 150. This has already been discussed in the preceding paper. Fig. 3 compares the experimentally determined intensity with the calculated values summed over all the interacting components because these latter cannot be distinguished in the experiment. 
Transition intensities involving the 7pπ state
may expect the distributions to follow the Rydberg n −3 scaling law. The figures demonstrate that although the overall trend does follow the scaling law, the widespread perturbations cause strong irregular deviations from it. The MQDT calculations reproduce these perturbations, and the agreement between experiment and theory is good. The Q(3) and Q(4) transitions (not shown in the figures) exhibit a similar apparently erratic behavior, but which is again reproduced by the calculations. Exceptions are two Q(1) transitions and one Q(3) transition which exhibit intensities far stronger than calculated by MQDT, without any coincidence being predicted. These are the Q(1) 9pπ, v = 2 and Q(1) 14pπ, v = 4 transitions and the Q(3) 11pπ, v = 0 transition. These spectral lines may well be blended with extra lines which do not belong to the np manifold, similarly as in H 2 where a number of such cases has been documented [6, 17].
Summary of intensity analysis
In all, we have measured the intensities of 319 Q transitions whose A coefficients vary from 2 · 10 5 to 2 · 10 7 s −1 , i.e. over two orders of magnitude. This fact is illustrated by the semi-logarithmic plot of Fig. 5(a) , and underlines the range of sensitivity of the present measurements. Fig. 5(b) is a histogram of the ratios of the measured and calculated A coefficients, for all 319 spectral lines discussed here. The distribution can be fitted by a Gaussian function (black continuous line in the figure), which is centered at 1.05 ± 0.25 and has a width of 0.48. Note that the histogram has been drawn without taking account of the experimental uncertainties, a procedure which probably is the main cause for the relatively large width of the Gaussian distribution. Numerical shortcomings of the calculations may also be in part responsible for the width of the distribution (cf. Sec. 5).
A number of outliers are also visible in the plot. Most of them, which are located between 2 and 3 on the abscissa, are clearly due to spectral blending. The outermost points in the plot, near 3.4 and 8.7, respectively, correspond to the above mentioned Q(1) 9pπ, v = 2 and 14pπ, v = 4 lines which have already been discussed.
Line widths
No broadening has been observed on any Q(N ) line in the BESSY spectra.
The calculated values of the ionization widths of the npπ ( n ≥ 4) levels are less than 0.5 cm −1 [4] , that is, their natural width is indeed calculated too small to be detected by the present experiment. 
Branching ratios
While the BESSY experiment does not allow us to directly measure the natural widths of the upper levels of the Q transitions, we have access to the decay dynamics via the branching ratios as determined from Eq. (5). 
The 4pπD upper levels
As we have found previously for H 2 , the Q transitions in D 2 leading to the 4pπD upper state appear in the fluorescence as well as in the ionization excitation spectrum. A few of them appear also weakly in the dissociation excitation spectrum. The fluorescence lifetimes of the 4pπD state levels calculated by MQDT vary only little with the v and N quantum numbers, that is, they are not significantly affected by local perturbations. These fluorescence lifetimes are of the order of 7.3 ns and turn out to be quite similar to those determined previously for H 2 [18] . Fig. 6 shows that dissociation processes contribute only a few % to the decay of the 4pπD state levels. In the MQDT calculations we have neglected this channel as already mentioned (cf. Fig. 6 ). Note that for v = 14 the 4pπD state levels are situated above the dissociation limit into D(n = 3)+D(n = 1) and may dissociate into this continuum in addition to D(n = 2)+D(n = 1).
Despite its weakness predissociation turns out to be more efficient than in H 2 where it has been found to be negligible throughout for n = 4 [6] . Two effects are operating here, first, the 'direct' predissociation of the 4pπD state to the 2pπ continuum, which must be weaker in D 2 as compared to H 2 , and, second, the 'indirect' or 'accidental' predissociation which proceeds via local interaction with levels belonging to the 3pπD state which in turn are more strongly predissociated. The first of these mechanisms produces mild and smooth variations with v, while the second causes erratic variations to occur. This second effect appears to prevail here, indicating that local perturbations are more widespread in D 2 as compared to H 2 , owing to the larger density of levels.
Vibronic autoionization, that is, autoionization occurring through the vibrational coupling to the ionization continua, is expected to scale according to M −1/2 [19] so that it should be weaker by a factor √ 2 in D 2 as compared 20 to H 2 . The D 2 4pπD levels can autoionize 'directly' by a ∆v < −5 process, which however is very nearly forbidden and would be exactly zero in the harmonic approximation. Vibrational autoionization may also occur via a local perturbation involving a level that can autoionize by exchange of a single vibrational quantum in a ∆v = −1 process (the only one possible for a harmonic oscillator when the quantum defect varies linearly with R). This 'accidental' autoionization depends not only on the mass, but also sensitively on the energy difference between the interacting levels. Since the D 2 spectrum is much more congested than the H 2 spectrum, the quasi-coincidences are more numerous as our results show. While we have seen fluorescence to constitute the principal decay channel for the 4pπD state levels, a few exceptions should also be noted: (i) The level v = 10, N = 1 is fully ionized as already mentioned, the reason being that it is mixed with 12pπ, v = 5, N = 1 which is rapidly autoionized via a ∆v = −1 interaction. (ii) Similarly, the level v = 11, N = 4 interacts with 10pπ, v = 6, N = 4 which in turn induces rapid autoionization. (iii) The transition Q(4) leading to v = 9, N = 4 is blended with Q(2) leading to 12pπ, v = 4, N = 1 (which is fully ionized) and cannot be fully separated by the present experiment. Based on the measured global yield and the calculated intensities, we estimate the ionization yield of the 4pπD , v = 9, N = 4 level to correspond to 33% in agreement with the theoretical prediction.
The 5pπD upper levels
For these levels, fluorescence is an important decay channel, clearly more important than it is for H 2 . Experiment and theory agree as shown by Fig.  6 . In this case, the mass dependence is as one would intuitively expect: whereas the fluorescence is not mass dependent, the autoionization widths decrease in the heavier isotopomer, thus enhancing the branching fraction into fluorescence.
The 6pπ upper levels
Fluorescence radiation has been detected following the excitation of most of the Q lines leading to the 6pπ state. This is in contrast to H 2 where no such fluorescence has been observed [6] . For v = 3, N = 1 and 2, 'complex' resonances occur so that the measured values represent mean yield values. The calculated and measured yields are in good agreement (Fig. 6 ).
npπ upper levels with n ≥ 7
Once the excitation energy exceeds the ionization threshold, decay occurs almost exclusively via the ionization channel. The calculated γ ion values correspond indeed to 100 % to within a few %. The only exceptions are: (i) the 7pπ, v = 2, N = 2 level for which the measured fluorescence yield is 15 ± 7 %, to be compared with the calculated value of 2%. (ii) The 7pπ, v = 7, N = 1 level for which a dissociation yield of 17 ± 2 % has been measured. This particular situation may arise from blending with a weak line of a predissociated level (possibly belonging to the 4pσB state).
Summary of analysis of branching ratios
Although the measurement of the natural widths of the npπ 1 Π − u levels of D 2 proved impossible due to the limited energy resolution of the present monochromator experiment, the determination of the fluorescence, dissociation and ionization yields provides detailed information on the partial decay widths, as it has been demonstrated previously for H 2 [6] . As expected, the partial fluorescence widths are roughly the same for D 2 as for H 2 . However, this is not the case with regard to the dissociation and ionization partial widths. The ionization widths of the 4pπ, v, N = 1 levels observed in H 2 are ≈ 10 −2 cm −1 , while for D 2 they are of the order of ≈ 10 −4 cm −1 (except for v = 10 where the widths are as large as 8 · 10 −3 cm −1 ). These widths are smaller than in H 2 by more than the expected isotopic factor. On the other hand, the D 2 predissociation widths of the order of ≈ 10 −4 cm −1 are still far larger than expected for a direct coupling to the 2pπ continuum.
Discussion: Isotope effects
The detailed observations of energy levels, transition intensities and branching ratios presented in the preceding Sections 7.1, 7.2 and 7.4 complement analogous studies carried out previously for H 2 [6, 9, 14] . Taken together with those, they therefore provide extensive material for a discussion of the mass dependence of vibronic coupling in a diatomic molecule. Indeed, the homogeneous Π ∼ Π coupling active within the 1 Π − u npπ Rydberg manifold and the associated pπ ionization continuum constitutes a paradigmatic example of pure vibronic coupling, not affected by curve crossing nor by non-adiabatic effects associated with rotational motion. In the standard Born-Oppenheimer formulation of non-adiabatic coupling, the main vibronic coupling term has the familiar form (written here in wavenumber units):
where M is the reduced mass, ψ n (r, R) and χ (n) (R) are the electronic and vibrational wavefunction factors in the electronic state n, respectively, with r and R denoting the electronic coordinates and the bondlength, and where the first factor is an integral over r, while the second factor is an integral over R. H n v ,nv is the interaction matrix element coupling two Born-Oppenheimer levels, n, v and n v , belonging to two different electronic states. From Eq. (6) it would appear that vibronic coupling has a dependence on nuclear mass that goes as M −1 , implying a factor 1/2 between H 2 and D 2 . However, the vibrational factor in Eq. (6) is also mass-dependent because the vibrational wavefunctions themselves depend on the nuclear mass. In the harmonic approximation this adds another factor M 1/4 (see e.g. Appendix III of Ref. [20] ) so that the overall dependence of Eq. (6) would go as ∝ M −3/4 , and only matrix elements with v = v ± 1 differ from zero in this approximation. Interaction between two Rydberg channels (schematic). High levels n associated with the threshold v are embedded in the denser manifold of levels n associated with v . Since the vibrational frequency ω [not to be confused with the photon energy occurring in Eqs. (4) and (5)] is mass-dependent, n and the corresponding level density is also mass-dependent.
The situation changes in high Rydberg states where the motion of the outer electron becomes uncoupled from the vibrational motion. The mass dependence is thereby also modified. It has been shown [19] , for instance, that the ∆v = −1 vibrational autoionization of a Rydberg state n, v (a process where a vibrational quantum of energy is converted into electronic energy, allowing the Rydberg electron to escape into the , v − 1 continuum) involves in the harmonic approximation a matrix element which has a M −1/4 dependence. In this situation a scattering reaction matrix element must be converted into a Hamiltonian matrix element [21, 22] . Eq. (6) thereby turns into the close-coupling (CC) expression [17] 
where Ry is the Rydberg constant and n and n are the effective principal 24 quantum numbers of the interacting Rydberg states. µ is the quantum defect and [∂µ(R)/∂R] R=Re its derivative at R e with respect to the internuclear distance. Again, in the harmonic approximation only matrix elements with v = v ± 1 differ from zero. The M −1/4 mass dependence stems here from the vibrational factor only. The first factor of Eq. (7) is a Rydberg scaling factor which for n = n equals the Rydberg level spacing ∆E Ryd in cm −1 . The second factor, the quantum defect derivative, measures the strength of the vibronic coupling and is analogous to the electronic factor < ψ n |∂/∂R|ψ n > in Eq. (6) . Knowing that the vibrational frequency ω scales with M −1/2 we can conveniently express the above findings in terms of ω as follows:
Local interactions depend on the magnitude of the vibronic channel interaction, but also on the density of interacting levels n available to participate in interchannel coupling and local perturbations. Fig. 7 illustrates this for two Rydberg channels whose thresholds are separated by the vibrational frequency ω. We first examine the situation where a Rydberg level n, v interacts with n , v , where v is smaller than v. For given n, n is trivially obtained via the Rydberg relation Ry/n 2 = Ry/n 2 + ω (see the figure) . Having determined n we can evaluate the level density 1/∆E Ryd = n 3 /(2Ry) and the matrix element H (CC) n v ,nv according to Eq. 7. The significant quantity here appears to be the effective coupling strength H/∆E which, for given n and ω, is found to scale according to effective coupling strength H (CC)
We may also envision the situation where a Rydberg level n, v interacts with n , v where v is larger than v and consequently n is smaller than n. In this event the labels n and n in brackets in Fig. 7 have to be considered and the same expression (8) D 2 n = 4 1.00 0.74 v < v, n > n n = 5 1.00 0.65 n = 6 1.00 0.49 n = 4 1.00 0.88 v > v, n < n n = 5 1.00 0.90 n = 6 1.00 0.92 These numbers indicate that under the assumptions made here, the effective coupling strength should always be weaker in D 2 than in H 2 when v < v (Fig. 7) , and there should be almost no isotope effect when v > v. This is in apparent contradiction to what we have established experimentally and reproduced by the multichannel quantum defect calculations, as detailed in the preceding Sections. The outcome of this discussion then is that the occurrence of small local perturbations, which is more widespread in D 2 as compared to H 2 despite the fact that the vibronic interactions are intrinsically weaker in the heavier isotopomer, must be a genuine multichannel effect -and as such is accounted for by MQDT -but cannot be understood with the help of the two-channel picture of Fig. 7 . The intuitive expectation that the level structure is denser in the heavier isotope, and more local perturbations can therefore occur, appears to be correct, but requires a large number of interacting vibrational channels in order to become operative.
Conclusion
We have measured the absolute transition probabilities of 319 Q(N ) photoabsorption
. 143 new Q(N ) lines have been identified and assigned. The observations have been interpreted theoretically by MQDT under the assumption that excited electronic states are correctly described as npπ Rydberg states associated with the vibrating/rotating (v + , N + ) ground state ion. It has been known for a long time that these levels exhibit strong non-adiabatic coupling in H 2 ; here we have extended the previous analyses and studied the effect of the interactions on the line intensities. In this paper, we presented detailed evidence for slow decay processes active in numerous superexcited molecular levels of D 2 . These processes take place typically on the sub-µs scale but remain slower than 1 ns. Due to our absolute absorption and partial decay cross section measurements, we have been able to characterize these slow processes in detail, despite the fact that the corresponding natural widths of the excited states studied here are by orders of magnitude smaller than our experimental spectral resolution which is limited by the Doppler width. The theoretical approach [9] implemented in this work fully accounts for the observed dynamics and includes autoionization and spontaneous photon emission. While our theoretical approach as such is not new and has been shown previously to be a powerful tool for the description of many aspects of the internal dynamics of molecular hydrogen (see, e.g., various papers collected in Ref. [26] ), it is applied here in an unprecedented systematic way. It appears that MQDT is capable of describing the various very weak couplings quite accurately, involving both vibronic interaction and radiative decay. The observation and characterization of spontaneous photon emission in a large number of superexcited levels constitutes a remarkable exception in the field of molecular physics because in general in small molecules predissociation and autoionization processes completely quench molecular fluorescence once they are energetically possible. -0.1 1.56 1.5 ± 0.9 0 ± 1 0 ± 8 100 ± 9 11pπ 3 128357.9 -0.5 1.36 1.5 ± 0.3 0 ± 0 0 ± 8 100 ± 9 7pπ 4 128456.1 -0.3 4.56 4.6 ± 1.1 0 ± 0 4 ± 1 96 ± 1 12pπ 3 128499. 6 -0.7 0.60 0.6 ± 0.2 0 ± 2 0 ± 10 100 ± 12 13pπ 3 128611.7
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0.3 1.89 2.2 ± 1.1 0 ± 1 0 ± 3 100 ± 4 a observed transition energy, in cm −1 . b A, emission probability for the transition to X 1 Σ + g , v = 0, N = N , in 10 6 s −1 . c γ, experimental decay branching ratio in %. # This line is calculated as a single transition, but is observed split into two components, cf. the text. a observed transition energy, in cm −1 . b A, emission probability for the transition to X 1 Σ + g , v = 0, N = N , in 10 6 s −1 . c γ, experimental decay branching ratio in %. 
